Studies of how protein fold have shown that the way protein clumps form in the test tube is similar to how proteins form the so-called "amyloid" deposits that are the pathological signal of a variety of diseases, among them the memory disorder Alzheimer's [1] [2] [3] [4] [5] [6] . Protein aggregation have traditionally been connected to either unfolded or native states. Inclusion body formation (disordered aggregation) has been assumed to arise from hydrophobic aggregation of the unfolded or denaturated states, while the amyloid fibrils (ordered aggregation) have been assumed to arise from native-like conformations in a process analogous to the polymerization of hemoglobin S. Making use of lattice-model simulations [7] [8] [9] we find that both ordered and disordered aggregation arise from elementary structures which eventually build the folding nucleus of the heteropolymers, and takes place when some of the most strongly interacting amino acids establish their contacts leading to the formation of a specific subset of the native structure. These elementary structures can be viewed as the partially folded intermediates suggested to be involved in the aggregation of a number of proteins [6, [10] [11] [12] [13] [14] . These results have evolutionary implications, as the elementary structures forming the folding core of designed proteins contain the residues which are conserved among the members of homologous sequences.
There are still many outstanding and critical questions regarding protein aggregation, despite many studies devoted to the subject. Among these are questions concerning the detailed mechanism of the aggregation process. We approach this problem within the framework of a simple lattice model of protein folding [7] [8] [9] and study, making use of Monte Carlo (MC) simulations, the simultaneous folding of two identical twenty-letter amino acid chains each composed of 36 monomers, and designed to fold into their native conformation (Figs. 1(a) and 1(b)).
Three different outcomes of the simulations have been observed: (I) both chains fold to their native conformation ( Fig. 1(a) ), (II) one of the chains folds while the other attaches to it in a compact configuration ( Fig. 1(c) ), (III) both chains get deeply intertwined in conformations which are quite compact and display some amount of similarity to the native conformation ( Fig. 2) . Situations (II) and (III) are typical of ordered and disordered aggregation, respectively. In case (I) each chain targets into its minimum energy structure (native conformation) about which it fluctuates [15, 16] . Cases (II) and (III) are associated with an ensemble of compact low-energy conformations typical of those reached in the folding of a random chain, where the system spends little time in each conformation and displays conspicuous energy fluctuations.
At the basis of these phenomena are the elementary structures built out of the monomer sequences S Fig. 1(a) ), containing essentially all of the amino acids forming the folding nucleus [7] of the designed sequence S 36 ( Fig. 1(b) ). In fact, the structures S i 4 (i = 1, 2, 3) can be viewed as the (dynamical) "bricks" of a LEGO kit to model proteins.
The pairs of monomers (3, 6) , (27, 30) and (11, 14) become nearest neighbours very early in the folding process, the associated first passage time (FPT) being 104, 102 and 260 MC steps, respectively. The corresponding contacts achieve 90-95% stability already after 0.25 × 10 6 MC steps, a time to be compared with the FPT for the folding of both interacting chains (situation (I)) and equal to 2 × 10 6 MC steps. The folding core is formed essentially when the three different "bricks" of the same chain assemble together, establishing the contacts 6-27, 3-30, 6-11 and 27-14, at which time it becomes easy for the contacts 27-16 and 30-33 to fall in place. Once the folding nucleus of both proteins is formed, it takes less than 3×10 4 MC steps for them to reach the native configuration. All the contacts which maintain the "bricks" in place involve at least one amino acid occupying a "hot" site in the native conformation of the isolated protein [9] , that is a strongly interacting amino acid ( Fig. 1(a) ).
In the situation under study, there are 3 "hot" sites, namely sites number 6, 27 and 30. Once the "hot" site amino acids are in place, it takes 0.6 × 10 6 MC steps for both proteins to fold (FPT), in keeping with the fact that while the FPT of the contact 6-27 is ≈ 0.4 × 10 6 MC steps, it takes ≈ 1.4 × 10 6 MC steps for it to become stable.
Aggregation results because of the exchange taking place between the interacting chains, of the role played by amino acids occupying "hot" sites, a phenomenon whose associated FPT is typically 0.5 × 10 6 MC steps. In other words, aggregation happens when "bricks"
belonging to different chains attach to each other (cf. [17] [18] [19] [20] [21] [22] [23] . In Fig. 3 we display the calculated aggregation probability as a function of concentration, in comparison with the results of observations [21, 22] . Theory provides an overall account of the experimental findings.
We have found that the rate of aggregation increases in a significant manner, by introducing "cold" (neutral) mutations [9] . The chosen mutations are able to affect in a significant way the stability of one of the elementary structures, without much changing the ability the resulting isolated sequence S ′ 36 have to fold on short call to the native conformation. In particular, by substituting the amino acid R at position 11 of the designed sequence, by amino acid A, the rate with which aggregation of type (III) takes place increases by 70%
(i.e. from 22% to a 37% rate). The reason for this increase lies in the fact that for the resulting sequence S ′ 36 it takes 0.6 × 10 6 MC steps for the pairs (11, 14) to become nearest neighbours (as compared to 0.25 × 10 6 MC steps for S 36 ). Consequently, the other two elementary structures (associated with the monomer groups S When altered by any of 50 different mutations, this protein, which normally occurs in the blood plasma, deposits in the heart, lungs and gut, causing a lethal disease called familial amyloidotic polyneuropathy (FAP) [24, 25] . These mutations do not alter normal folding of the protein but do destabilize the protein structure, facilitating the formation of partially folded intermediates that readily aggregate to one another [26, 27] .
We conclude that a given protein will have a very small number of partially folded intermediates which controls both protein folding and aggregation. Within the model of designed proteins these are the elementary structures which build the folding nucleus. Consequently, most of the aggregates of this protein as well as of the sequences homologous to it, will display similar native-like structures, independent of the nature of the effect triggering the aggregation.
ACKNOWLEDGMENTS
We gratefully acknowledge financial support by NATO under grant CRG 940231. We also thank the late Dr. N. D'Alessandro for help in modelling design. The colour plots in
Figs. 1 and 2 have been obtained with the graphic program of Ref. [29] . and m ′ , and were taken from Table 6 of ref. [28] . The 36-mer chain denoted S 36 and designed by minimizing, for fixed amino acid concentration, the energy of the native conformation with respect to the amino acid sequence, folds in 10 6 MC steps at the optimal temperature T = 0.28 (in our temperature scale). The effects mutations (19 possible substitutions of monomers on each site) have on the folding properties of S 36 have been studied in [9] . It was found that the 36 sites of the native conformation can be classified as "hot" (red beads, numbered 6, 27 and 30), "warm" (beads numbered 3, 5, 11, 14, 16 and 28) and "cold" (the rest of the beads) sites. In average, mutations on the 27 cold sites yield sequences which still fold to the native structure (neutral mutations), although the folding time is somewhat longer than for S 36 . Sequences obtained from mutations on the 6 "warm" sites fold, as a rule, to a unique conformation, sometimes different but in any case very similar to the native one.
Mutations on the three "hot" sites lead, in average, to complete misfolding are displayed by solid dots. An initial configuration of two S 36 -chains was generated by first locating the 18th monomer (center) of one chain at the origin of coordinates, followed by the growth of a self-avoiding random walk for its remaining 35 monomers. Then, the second chain, which does not intersect neither itself nor the previously created chain, was generated similarly by locating its 18th monomer at a distance d from the center of the first chain.
The mean radii σ of each chain configuration were found to be the same, independently of 
